The proper staining of the plasma membrane (PM) is critical in bioimaging as it 16 delimits the cell. Herein, we developed MemBright: a family of six cyanine--based fluorescent 17 turn--on PM probes that emit from orange to near--infrared when reaching the PM, and 18 enable homogeneous and selective PM staining with excellent contrast in mono and two--19 photon microscopy. These probes are compatible with long--term live cell imaging and 20 immunostaining. Moreover, MemBright label neurons in a brighter manner than 21 surrounding cells allowing identification of neurons in acute brain tissue section and 22 neuromuscular--junctions without any use of transfection or transgenic animals. At last,
Introduction

31
Plasma membrane (PM), in addition to its basic function of cell barrier, is a key player in 32 crucial biological processes including cellular uptake, neural communication, muscle 33 contraction, and cell trafficking and signalling. 1 In the field of bioimaging, visualizing the PM 34 is of prior importance as it delimits the cell surface. In addition, the shape of the PM directly 35 provides information regarding the cell status such as cell division or cell death processes. 2 Spectroscopic studies of MemBright were performed in various organic solvents and buffer, 23 as well as in the presence of Large Unilamelar Vesicles (LUVs) constituted of 1,2--Dioleoyl--sn--24 glycero--3--phosphocholine (DOPC) with and without cholesterol, taken as membrane models.
25
In organic solvents, MemBright probes behaved in the same manner as their parent cyanine 26 fluorophores. Indeed, their absorption spectra were narrow and close to the mirror image of 27 their emission spectra, indicating no sign of aggregation ( Fig. S1 to S6) . Moreover, they 28 displayed good quantum yields (0.12 --0.66 in DMSO).
29
Due to their amphiphilic nature, MemBright markers are expected to form soluble 30 aggregates in aqueous media. Indeed, DLS measurements in water showed formation of 31 nanoparticles of 22 to 32 nm (Fig. S7 ). Moreover, their absorption spectra in phosphate 32 buffer displayed a strong short--wavelength shoulder suggesting formation of non--33 fluorescent H--type aggregates, known for their blue shifted absorption 36 (Fig. 1B) . As 34 4 expected, MB--Cy3 to MB--Cy5 probes displayed much lower quantum yields in buffer than in 1 organic solvents, while MB--Cy5.5, MB--Cy7 and MB--Cy7.5 were nearly non--fluorescent in 2 water (Table S1 ). In order to model the PM, we used large unilamellar vesicles (LUVs) 3 composed of either DOPC or DOPC/cholesterol mixture (1/0.9 mol. ratio). In the presence of 4 these LUVs, MemBright probes displayed typical absorption and fluorescence spectra of 5 solubilized cyanine dyes ( Fig. 1B and C) with quantum yield generally higher than those 6 obtained in methanol (Table S1 ). The fluorescence enhancement between the aqueous 7 media and the DOPC vesicles was 7--, 42--and 18--fold for MB--Cy3, MB--Cy3.5 and MB--Cy5, 8 respectively, whereas for MB--Cy5.5 to MB--Cy7.5 it was much larger due to their strong 9 quenching in aqueous media. Thus, MemBright being aggregated in water disassemble in 10 lipid membranes (Fig. 1D) , providing fluorogenic response. This mechanism is in line with the 11 earlier data obtained with membrane probes based on Nile red 20 and squaraine. 32 
12
In order to determine how fast the aggregates of MemBright disassemble in the presence of 13 LUVs, probes were added to an excess of LUVs and their fluorescence emission intensity was 14 followed over the time (Fig. S8) . Whereas MB--Cy3 and MB--Cy5 rapidly reached their 15 fluorescence intensity plateau in the presence of DOPC vesicles (<3 min), the other probes 16 disassembled in a slower manner. Overall, the disassembly time increased with the 17 polymethine chain length (Cy3 < Cy5 < Cy7) and addition of fused benzene rings (Cy3 < Cy3.5 18 and Cy5 < Cy5.5). We expect that more hydrophobic MemBright probes tend to form more 19 stable aggregates, which require more time to disassemble in the presence of membranes. Table  S2 ). Vertical projections of the confocal images confirmed perfect membrane staining 33 by MemBright probes with no apparent internalization ( Fig.  2B and S10--S11). The quality of 34 5 the staining also allowed for 3D imaging of live KB cells using reconstruction of Z--stack 1 obtained by laser scanning confocal microscopy ( Fig. 2C and movies 1) . These images offered 2 high contrast and clearly revealed intercellular nanotubes, also called tunnelling nanotubes 37 3 as bright thin PM structures connecting two individual cells (Fig. 2C ).
4
According to our recent report, in similar imaging conditions, the commercial dye DID at 20 5 nM concentration failed to stain cellular membranes. 32 Indeed, due to its highly hydrophobic 6 nature, DiD is poorly soluble in aqueous media, which renders PM staining very inefficient.
7
Another commercial probe, CellVue® Claret from PKH family, is also very hydrophobic and 8 thus, requires a specific low--salt medium for PM staining. Moreover, its cell membrane 9 staining is heterogeneous. 32 Therefore, commercial cyanines, such as DID (and its analogues 10 DiI and DiO) and PKH family as well as CellMask™ membrane stains 9 require concentration 11 around 1--5 µM for robust PM staining. Thus, MemBright probes require ~1000 fold lower 12 concentration compared to commercial membrane probes. Surprisingly, although MB--Cy7 13 also possesses a near--infrared excitation wavelength (~760 nm), it was sufficiently excited by 14 the 635 nm laser (corresponding to 10% of its pick absorbance) and was bright enough to 15 provide good quality 2D and 3D images.
16
In addition, compared to fluorescently labelled lectin WGA--488, MemBright probes 17 displayed a more homogeneous staining of the PM when cells are confluent ( Fig. S12 ). In the 18 focal plane, most of the confluent cells' PM is involved in cell--cell contacts. Within these 19 junctions, carbohydrates located on the outer leaflet of the PM are much less accessible for 20 the lectin than those exposed to the external medium. It was measured that in cell junctions,
21
MemBright probes stain the PM > 3--fold more efficiently than WGA--488 ( Fig. S12 ). This 22 feature is due to rapid diffusion of MemBright within the whole PM, which ensures a 23 homogeneous staining.
24
Next, the fluorescent staining of the PM was checked 90 minutes after addition of 25 MemBright probes. For MB--Cy3 and MB--Cy5, the results showed that although the staining 26 predominantly remains on the PM, internalisation partially occurred as some dots appeared 27 in the cytoplasm, revealing the endocytosis process. In contrast, the red--shifted versions of 28 MB--Cy3 and MB--Cy5, namely MB--Cy3.5 and MB--Cy5.5, conserved a very selective PM 29 staining with less apparent sign of internalisation ( Fig. S13 ). We expect that the additional 30 fused benzene rings, which significantly increase the lipophilicity of these probes, should 31 either favour their escape from the endocytosis process or stimulate their recycling back to 32 the PM after endocytosis. Consequently, MB--Cy3 and MB--Cy5 will be preferred for short--33 term PM imaging, whereas MB--Cy3.5 and MB--Cy5.5 will be better for longer--term imaging.
6
At this stage of our work, it was important to evaluate the cytotoxicity of the MemBright 1 probes. The MTT assays were performed with different MemBright probes on KB cells and 2 the results showed no apparent cytotoxicity of the probes at concentrations up to 1 µM ( Fig. 3 S14).
4
Formaldehyde--based cell fixation is indispensable tool in cellular imaging. However, it leads 5 to partial permeabilization of the PM, so that application of molecular PM probes in fixed 6 cells is challenging. To check the possible application of the MemBright probes for imaging 7 the PM of fixed cells, we first tried to add the dyes on fixed cells (4% PFA). Although specific 8 staining was obtained ( Fig. S15) , it was noticed that prolonged time of imaging led to 9 diffusion of the dyes within the fixed cells. However, when images obtained with WGA--488 10 and MemBright on fixed cells were compared, one could notice that WGA tended to stain 11 the perinuclear envelope as well as the inner vesicles in addition to PM, whereas MemBright 12 probes stained more selectively the PM (Fig.  S16 ). As an alternative attempt, the dyes were 13 added to the cells prior to fixation. This approach provided much cleaner and longer staining 14 of the PM with only slight amount of internalized dye, demonstrating the compatibility of 15 these probes with fixed cells (Fig. S17 ).
17
Two--photon excitation microscopy 18 19 Two--photon excitation (TPE) microscopy imaging has received considerable attention as an 20 advanced optical technique in the field of bio--imaging for several reasons. 38, 39 First, TPE 21 microscopy inherently provides three--dimensional sectioning since the excitation occurs 22 only at the focal point of the sample. In addition, due to its localized excitation with a NIR 23 laser, it reduces the photobleaching, the phototoxicity, and the cell auto--fluorescence. It also 24 ensures deeper tissue penetration, which enables experiments on thicker live samples. For 25 these reasons, there is a high demand for bright fluorescent probes with high TPE cross 26 section values. On--going efforts have been made to design such fluorophores. 40 Although 27 cyanine fluorophores are widely used for bio--labelling and bio--imaging, only few studies 28 reported on their efficiency for TPE imaging, 41, 42, 43 giving impression that they are not well Cy5. TPE spectra and cross section of MB--Cy3 were found to be similar to those for the 2 previously reported Cy3 dye. 54 For all the MemBright probes, the maxima of TPE bands were 3 blue shifted with respect to the one--photon absorption bands at twice the wavelength, as 4 reported for cyanine dyes. 52 It is remarkable that fused benzene rings significantly increased 5 TPE cross--section for MB--Cy3.5 and shifted significantly the TPE absorption to the red for 6 both MB--Cy3.5 and MB--Cy5.5 compared to their parent analogues ( Fig.  3 A--D). In order to 7 confirm the results obtained for the MemBright probes, TPE spectrum of the parent dye, DID 8 (lipophilic cyanine--5), was measured in DMSO and was found to be almost identical to that 9 of MB--Cy5 (Fig.  S19 ). In the light of these unexpected results, MemBright probes were used 10 in two--photon imaging experiments. Live KB cells were stained with MemBright probes 11 without washing and imaged with two--photon excitation, chosen based on their TPE 12 excitation spectra. High signal to noise ratio images were obtained for each of the 13 MemBright probes with a highly selective staining of the PM ( Fig. 3 A--D, bottom).
15
Tissue imaging 16 17 Fluorescence tissue imaging with molecular probes is more challenging as the environment 18 is more complex and presents heterogeneity of components (cells, extracellular matrix, 19 ducts, vessels) and fluids (e.g. plasma, blood, bile). 44, 45 Here, applicability of MemBright 20 probes to ex vivo tissue imaging was tested. As a first example, liver tissue was chosen. For 21 this purpose, 1 mm thick blocks of rat liver were incubated for 3 h in the presence of MB--
22
Cy5. The liver tissues were imaged by two--photon microscopy providing stacks of 50 images 23 up to 50 µm depth. In the case of MB--Cy5 ( 
26
showed that the PM can be stained up to 3 layers of cells in the tissue (See movie 2). The 27 lower intensity at higher depths is clearly related to the limited diffusion of the probe 28 through the tissue, which in principle could be improved by optimizing the staining 29 conditions. In sharp contrast, WGA--Alexa647, used in the same conditions, showed unclear 30 staining that appeared mainly in the nuclei ( Fig. S20D --F and movie 3). Thus, MemBright is 31 clearly advantageous compared to the commercial agent for the PM staining in tissue 32 imaging. MemBright Cy3.5 was also very efficient in PM labelling either using two--photon 33 excitation microscopy or conventional confocal microscopy. We tested the photo--resistance to noise ratio of MB--Cy3.5 allowed to clearly discriminate the PM of hepatocytes and even 5 their intracellular lipoprotein vesicles ( Fig. 3H ).
7
Encouraged by these results, we investigated on the ability of MemBright to stain the PM in 8 brain slices. The study of neuronal arborisation has been investigated for years in various 9 type of mutant animals using either DiI labelling thanks to biollistic approaches 46 (DiI 
24
Morever, these results suggest that MemBright probes are able to label neuronal cells at 25 higher intensity than other cell types. We then checked if this characteristic was specific to 
32
As MemBright displayed a high affinity towards neurons, we wanted to demonstrate 33 whether it was able to reveal motor neurons in tissue imaging. To this aim, muscle fibers 34 9 with nerves were extracted from tibialis anterior muscles of an adult mouse and were fixed 1 and incubated with MB--Cy5. Fluorescently labelled α--Bungarotoxin, which binds to nicotinic 2 receptors clustered at synapse, was used to label the neurosmuscular junctions and served 3 to visualize the whole muscle fiber. As shown in Fig confirmed what was previously noticed in tissue imaging, that neurons appeared in a much 17 brighter manner than glial cells, suggesting a preferential staining of neurons by MemBright.
18
Although MemBright probes were used at very low concentration (typically, 20 nM directly 19 in the imaging medium), they allow revealing even very fine protrusion including astrocytic 20 filopodia ( Fig. 5A3 , A4, E, E1) or fine dendritic processes ( Fig. 5A 
30
MB--Cy3.5 labelled PM clearly showed an increase of the resolution compared to the 31 standard TIRF image ( Fig. S27A--B) . Indeed, the intensity plot profile of a cell filopodium 32 evidenced a decrease of the thickness from 430 nm to 120 nm that corresponds to a 3.5--fold 33 increase of the image resolution (Fig. S27C ).
1
With this tool in hand, we then assessed if MBCy3.5 could reveal dendritic spine morphology 2 on fixed samples in 3D STORM microscopy. First, we showed that MemBright efficiently 3 labelled dendritic spine neck and head, allowing the identification of mushroom spines at 4 either 9 ( Fig.  7A --C, and movie 6) or 14 days in vitro (Fig.  7D ). 3D imaging with color--coded 5 depth allowed the visualization over several microns from back (Fig.  7B ) to front view ( Fig.   6 7B and 10D). As a comparison, we assessed the ability of our previously developed PM probe 7 dSQ12S to provide dSTROM imaging in similar conditions. Although dSQ12S successfully 8 stained the PM of neurons in widefield microscopy, it rapidly photobleached ( Fig.  S28 ) and 9 did not blink sufficiently to provide dSTORM super resolution images (Fig. S29) . Then,
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MemBright was used as a reference PM probe in multi--color STORM microscopy after capability of the Neurotrace TM dye 9 for neuronal soma and Fluoromyeline TM dye 9 for labelling myelin in spinal cord. 62 Indeed, MemBright stains well the cell soma as well as the dendrites 1 ( Fig. 5 and 10) , axons ( Fig. 7 and 10 ) and commissural and association fibers (corpus 2 callosum, fimbria -data not shown). Very interestingly, it appeared that MemBright markers 3 preferentially stain the PM of neurons with a higher intensity compared to surrounding cells 4 present in the brain (e.g. glial cells). This tendency allowed imaging neurons in various 5 regions of the brain tissue with high signal to background ratio. Additionally, MemBright 6 enables high--contrast imaging of motor neurons in vivo, which opens perspectives in the 7 important field of nerve--specific fluorescence guided surgery. 63 8 Finally, we showed that MemBright Cy3.5, owing to its capacity to blink, enables STORM-- 
20
We provide here the first blinking membrane probe which is alsoresistant enough to 21 permeabilization and reducing buffer to allow such a use in multi--color STORM 22 immunostaining. We showed for the first time the nanoscale organization of both axonal 
13
Synthesis, protocols, characterizations and spectra are described in the supporting 14 information. NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer.
15
Mass spectra were obtained using an Agilent Q--TOF 6520 mass spectrometer.
17
Lipid Vesicles
18
Dioleoylphosphatidylcholine (DOPC) and cholesterol were purchased from Sigma--Aldrich.
19
Large unilamellar vesicles (LUVs) were obtained by the extrusion method as previously 20 described. 69 Briefly, a suspension of multilamellar vesicles was extruded by using a Lipex
21
Biomembranes extruder (Vancouver, Canada). The size of the filters was first 0.2 µm (7 22 passages) and thereafter 0.1 µm (10 passages). This generates monodisperse LUVs with a 23 mean diameter of 0.11 µm as measured with a Malvern Zetasizer Nano ZSP (Malvern, U.K.).
24
LUVs were labelled by adding 5 µL of probe stock solution in dimethyl sulfoxide to 1--mL 25 solutions of vesicles. A 20 mM phosphate buffer, pH 7.4, was used in these experiments.
26
Molar ratios of probes to lipids were generally 1 to 500--1000. 
33
Fluorescence emission spectra were systematically recorded at room temperature, unless indicated. All the spectra were corrected from wavelength--dependent response of the 1 detector. The fluorescence and absorption spectra of the corresponding blank suspension of 2 lipid vesicles without the probe was subtracted from these spectra. Concentrations of dyes 3 were 400 nM for MB--Cy3 and MB--Cy3.5, 280 nM for MB--Cy5 and MB--Cy5.5, 220 nM for MB-- were washed 3 times with HBSS before being placed in a iBiDi dish containing 3 mL of HBSS, 33 and were then flattened by adding a glass slide on the top of it. The samples were excited at 1 × 512 pixels) were collected with a depth step of 1 µm, providing stacks of 50 µm depth.
2
Each frame was scanned once with a speed of 4 ms per pixel. The images were processed 3 with ImageJ.
4
Mice tissue: C57BL6/J mice were maintained on a 12 hour light--dark cycle with ad libitum 5 access to food and water. All animal work was conducted following protocol approved by 6 ethical committee. Adult C57BL6 mice were euthanized by CO 2 administration. Liver and 7 brain were immediately dissected and washed in PBS at 4°C, before being sliced in 1 mm 8 slices on a Leica Vibratome. Tissue slices were placed either at RT or at 4°C in 1 mL of freshly Images were taken 5 min after addition of the probes (except for MB-Cy7, 15 min) without any washing step. WGA-488 was used as a co-staining marker (ex: 488 nm). Nuclear staining was done with Hoechst (5 μg/mL). (B) Orthogonal projection obtained from Z-stacks (for MB-Cy3.5 and MB-Cy5.5 see Figure S10 and S11). Scale bar is 15 μm. The microscope settings were: Hoechst 33342: ex: 405 nm with 420 and 470 nm detection range; WGA-AlexaFluor®488: ex: 488 nm with 500 and 550 nm detection range. MB-Cy3 and MB-Cy3.5, ex: 561 nm with 567-750 nm detection range. MB-Cy5, MB-Cy5.5 and MB-Cy7, 635 nm laser was used with 640-800 nm detection range. (C) 3D reconstruction of live KB cells stained with MemBright. Inset in B is the top view of the intercellular nanotube indicated by the white star. Confocal imaging of primary hippocampal neurons incubated with MB-Cy3.5 (red in A1-A3, A4 and A6) and L1-CAM mAb (Green in A1-A2, A4 and A5) for 10 min at 37°C. MB-Cy3.5 allows the identification of the PM both on the cell body and dendrites as shown with colocalization of the cell surface L1-CAM adhesion molecule in A1. Internalised vesicles can be tracked with L1-CAM antibody (zoom in A5) or with MB-Cy3.5 (A6) for a wider identification of different endocytic pathways. (B) Confocal imaging of primary hippocampal neurons incubated with MB-Cy3.5 (B1-B3) for 10 min at 37°C then fixed, permeabilised and incubated with pAb to VGLUT (Green). MB-Cy3.5 allows the identification of the PM both on confocal section passing either trough the dendrite (B1) or below the dendrite (B2) which can be visualized in 3D thanks to stack reconstruction (B3). Presynaptic boutons labelled with VGLUT (arrows) can be seen in contact on the dendritic membrane. Even the dark lumen of dendrite (arrowhead) can be visualized. (C) Confocal imaging of primary hippocampal neurons incubated with MB-Cy3.5 (red) and phalloidin A488 (green) showing that dendritic spine head/neck can be seen with both dyes. Spines can be identified in widefield microscopy (A1) and then super-resolved using STORM (A2-B-C). 3D STORM microscopy allowed visualizing the spine from the front (B) or the back view (C). See supplementary movie 6 for animated views. MemBright Cy3.5 allows the visualization of the PM through several microns thanks to biplane module, depth is color-coded both in B-C-D (rainbow LUT). Dendritic and axonal profiles can be visualized in widefield microscopy (in E). Axonal processes coil around the dendrite (dashed box in E, zoom in G and I) and can be reconstructed in the first 3D-STORM images due to intense blinking. After several hundred pictures, the dendritic shape can be reconstructed in F (zoom in H). Thanks to permeabilzation resistance, MemBright (blue) can be used in dual color immunofluorescence to visualize glutamate AMPA receptors clusters (green) aggregated at the dendrite in front of axonal profile (J) with interleaved 3D STORM stack. 
